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Abstract
The cathodic and anodic stabilities of room-temperature ionic liquids (ILs)
are important factors in their applications in electrochemical devices. In
this work, we investigated the electron affinities of cations and ionization
energies of anions for ionic liquids by ab initio molecular orbital calculations
at the B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d) level. Over 200 unique
cations and anions, formed from a set of six base cation structures, three base
anion structures, and seven functional groups, were investigated. We find the
trends in calculated EAs of alkylated cations and IEs of alkylated anions to
be in good agreement with observed experimental trends in relative cathodic
and anodic stabilities of various ILs. In addition, we also investigated the
effect that functional group substitution at distinct positions in the ions
have on the EA of the 1,2,3-trimethylimidazolium cation and the IE of the
PF5CF3 anion. The overall impact on the EA or IE can be explained by the
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known electron-donating and electron-withdrawing inductive and resonance
effects of the attached functional group, and the relative strength of the effect
depends on the substitution position.
Keywords: electrochemical stability, ionic liquids, density functional
theory, electron affinities, ionization energies
1. Introduction
In recent years, there has been a steadily growing interest in using room-
temperature ionic liquids (ILs) as electrolytes in electrochemical applications
such as supercapacitors[1, 2, 3] and rechargeable lithium batteries.[4, 5, 6, 7]
ILs have several advantages over traditional organic electrolytes such as ethy-
lene carbonate (EC) or dimethylcarbonate (DMC). They generally exhibit
low volatility, low flammability and high thermal stability, which provides
significant safety advantages over flammable organic compounds. This is
particularly important in the application of Li-batteries beyond small-scale
portable electronics to large-scale applications such as hybrid electric vehi-
cles (HEVs) and electric vehicles. Many ILs also exhibit wide electrochemi-
cal windows of approximately 5-6V or more[8], which are considerably larger
than the 4.3-4.4V electrochemical windows of current organic electrolytes in
use. A more electrochemically stable electrolyte could unlock the potential
of high-voltage cathodes with higher power density. For example, LiNiPO4,
which is predicted to have a potential near 5V[9], would have 50% higher en-
ergy density than the Fe-based LiFePO4 system currently under development
for HEVs.
In electrochemical applications, the stability of the IL electrolyte against
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reduction (cathodic limit) and oxidation (anodic limit) is a key property of
interest. In certain applications (e.g. supercapacitors), it is the electrochem-
ical window, i.e. the difference between anodic and cathodic limits, that is
of interest. In others, the electrolyte’s stability relative to a particular elec-
trode could be a limiting factor. For example, lithium at the graphitic node
in rechargeable lithium batteries will reduce most organic solvents. Current
organic electrolytes (e.g. EC/DMC with LiPF6 added for Li
+ conductivity)
work because of the formation of a passivating solid-electrolyte interphase
(SEI) layer which prevents further electrolyte decomposition.[10]
Typically, the electrochemical window is determined experimentally by
performing a linear sweep voltammetry using inert electrodes (e.g. Pt or
Au) and measuring the cathodic and/or anodic currents, which are indica-
tive of electrolyte reduction or oxidation. However, measured electrochem-
ical windows depend heavily on the measurement conditions (e.g. type of
electrode)[11] and also on the arbitrary current cut-off used to determine the
onset of redox processes (typically between 0.1 and 1.0 mA cm−2). Compar-
ison of data from various experimental sources is made more difficult by the
different references used, some of which may not be strictly electrochemically
defined. In the case of ILs, this is further compounded by their sensitivity
to water, air and other impurities.[12, 13, 14] For example, Randstrom et
al.[13] have recently shown that while the innate cathodic stability of pure
and dry ILs are generally set by the reduction potential of the cation, anion
reduction[15] may occur at a higher potential than cation reduction in the
presence of water and oxygen.
Koch et al.[16] demonstrated earlier that the experimentally measured
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electrochemical anodic stability of several ILs comprising 1,2-dimethyl-3-
propylimidazolium cations paired with the PF6, AsF6, bis(trifluoromethylsulfonyl)imide
(TFSI) and tris(trifluoromethylsulfonyl)methide anions correlates strongly
with the highest occupied molecular orbital (HOMO) energies calculated
using ab initio methods. In addition, there is also a significant body of
work in the application of computational chemistry techniques to study re-
dox potentials of conventional organic electrolytes[17, 18, 19] or the anions
of lithium battery salts dissolved in these electrolytes.[20, 21]. In particular,
Ue et al.[20] examined the anodic stability of several anions used in Li-salt
additives for Li-battery electrolytes, and found that experimental oxidation
potentials are highly correlated with the HOMO energies and the ionization
potentials calculated using density functional theory (DFT) and molecular
orbital theories.
In this work, we investigate the trends in gas-phase electron affinities
(EAs) of IL cations and ionization energies (IEs) of IL anions using computa-
tional chemistry methods. The advent of efficient computational chemistry
codes and inexpensive computing resources has made it possible to probe
the large chemical space of IL ion structures in a systematic fashion to study
how increasing “alkylation” and the substitution of electron-donating and
electron-withdrawing functional groups affect the EA and IE of an ion. We
will show that the qualitative trends obtained agree well with previous ex-
perimental and theoretical results, and suggest potential directions for IL
design for electrochemical applications.
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2. Methodology
2.1. Investigative Methodology
Our investigative approach is to systematically traverse the IL ion chemi-
cal space to establish trends in the EAs and IEs. To this end, we have devel-
oped a simple substitution code to replace symmetrically-distinct terminal
atoms in an IL ion structure (H for cations, and F for anions) with various
functional groups (see Table 3) using optimized structure templates. This
process can be repeated with new structures generated and in this manner, we
can span the entire chemical space for a given set of basic ion structures and
functional groups. In this work, we investigated how the calculated gas-phase
EAs and IPs of common IL ions are affected by alkylation (in this paper, the
term “alkylation” is used loosely to refer to both alkyl group (CnH2n+1) sub-
stitutions on cations and fluroalkyl group (CnF2n+1) substitutions on anions)
and other functional group substitutions, as follows:
• To systematically probe the chemical space of alkylated ion structures,
we started with an basic ion structure (e.g. simple ammonium cation,
NH+4 ). Based on the point group symmetry of the ion (Td in the case
of NH+4 ), we substituted symmetrically distinct terminal atoms with
methyl groups (trifluoromethyl, or CF3 groups in the case of anions)
to obtain a new set ion structures. Recursive substitutions result in
increasing alkylation, allowing us to sample the complete space of alky-
lated ions. However, given that substitution tends to break symmetry,
the number of structures rapidly become unmanageable. Hence, only
the cation with the lowest computed EA or the anion with the high-
est computed IE was retained for the next stage of substitution, i.e. a
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“best-first” search algorithm with minimization of the EA or maximiza-
tion of the IE as the objective function. While this could theoretically
mean that we may miss possible cation structures with lower EAs or
anion structures with higher IEs, in practice, there is usually more than
one search path to the same structure and hence, we would expect most
of the likely optimal structures to be found by our sampling method.
• A similar approach was used to investigate the effect of the different
functional groups such as amine (NH2), hydroxyl (OH), cyanide (CN),
fluorine (F) and carboxyl (COOH) on a cation structure. Non-alkyl
group investigations have been limited to single substitutions, and we
have not explored recursive substitutions to obtain more complex ion
structures.
We have focused on six cation and three anion structures commonly found
in ILs (see Tables 1 and 2), and a mix of seven functional groups with known
electron-donating and/or electron-withdrawing effects (see Table 3). Electron
donating groups tend to stabilize cations and destabilize anions while electron
withdrawing groups tend to stabilize anions and destabilize cations. Func-
tional groups donate and withdraw electron density from a system through
either inductive or resonance effects.[22] The inductive effect is related to the
differences in electronegativity between elements, and transfer of electron
density takes place primarily through σ bonds. Resonance effects refer to
the movement of electron density through delocalization effects, e.g. interac-
tion between lone pairs and the pi-bonding system in aromatic compounds.
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N N
R1 R3
R4R5
R2
N
R1
R4
R5
R6 R2
R3 P R1
R4
R3
R2
Imidazolium Pyridinium Phosphonium
N R1
R4
R3
R2
N
R1 R2
N
R1 R2
Ammonium Piperidinium Pyrrolidinium
Table 1: Cations Investigated
P
R1
R2
R3
R4
R5
R6
B R1
R4
R3
R2
N
SS
O
O
O
O
R2R1
Phosphate Borate Sulfonylimide
Table 2: Anions Investigated
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ED by Inductive Effect EW through inductive effect
ED through resonance effect
H
C
H
H
N
R2
R1
F O
H
EW by Inductive Effect EW by Resonance Effect
C
F
F
F
C
OH
O
C
N
Table 3: Functional Groups Investigated and their known Electron-Donating (ED) and
Electron-Withdrawing (EW) effects[22]
2.2. Computational Methodology
In pure ILs, the cathodic and anodic limits are typically set by the reduc-
tion potential of the cation, and the oxidation potential of the anion.[23, 8] In
principle, the reduction potential of the cation, Vred, and oxidation potential
of the anion, Vox, in the liquid can be calculated from the free energy changes
of the redox reactions, ∆Gred and ∆Gox, as follows:
Cation
+(l) + e−
∆Gred
−−−→ Reduction Products (1)
Anion
−(l)
∆Gox
−−−→ Oxidation Products + e− (2)
Vred = −
∆Gred
e
(3)
Vox =
∆Gox
e
(4)
where all voltages are measured in volts and free energy changes are in
electron-volts per ion. The resulting potential is with respect to the ref-
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erence reaction that absorbs or donates the electron.
However, the redox decomposition products are in general not a priori
known. While an exhaustive computational search can be done to find the
most likely redox products[24], such an approach is too expensive to be scaled
to modeling hundreds of possible ion structures. Koch et al.[16] and Ue et
al.[20] demonstrated the correlation between experimentally measured oxida-
tion potentials and calculated HOMO energies of anions. We therefore have
reason to postulate that the reduction and oxidation potentials of a pure IL
to be correlated to the electron affinity (EA) of its cation and ionization en-
ergy (IE) of its anion respectively. The lower (higher) the EA (IE) of a cation
(anion), the greater its intrinsic stability against reduction (oxidation).
The EA of a singly-charged cation, C, is defined as the energy released
when an electron is added to a cation to form a neutral radical, i.e.
C
+ + e−
−EA
−−−→ C
·
It is well-established that calculated lowest unoccupied molecular orbital
(LUMO) energies by time-independent quantum chemical methods are gen-
erally poor indicators of experimental EAs due to the poor description of
virtual orbitals.[25] Hence, we have calculated the EA by explicitly taking
the difference in energies between the cation and neutral radical. We calcu-
lated both the vertical EA, which is the energy difference between the cation
and radical at the cation geometry, and the adiabatic EA, where both the
cation and radical geometries were optimized.
Similarly, the ionization energy (IE) of a singly-charged anion, A, is de-
fined as the energy needed to remove an electron from the anion to form a
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neutral radical, i.e.
A
−
IE
−→ A
· + e−
The anion IEs were calculated in a similar fashion to the cation EAs.
The gas-phase EA or IE is an intrinsic property of the isolated ion. It
should be noted that this does not take into account possible chemical reac-
tivity with electrode materials, and hence, trends in the calculated EAs and
IEs should be compared with redox potentials measured using inert elec-
trodes only. Possible chemical reactions with electrodes found in real-world
electrochemical systems may lower the accessible electrochemical window sig-
nificantly. Furthermore, gas-phase calculations do not take into account the
effect that the local environment in the electrolyte has on the redox stability
of the ion in the liquid state. While methods such as continuum solvation
models and cluster approaches[26] can take into account local environment
effects to varying degrees of approximation, these approaches either require
additional input parameters such as the dielectric constant which are not
available for all the ILs being explored, and/or are too computationally ex-
pensive for a high-throughput investigation involving hundreds of different
IL structures.
All calculations in this paper were performed using the Gaussian 03 quan-
tum chemistry package.[27] Geometry optimizations were carried out at the
B3LYP/6-31+G(d) level and were followed by single-point energy calcula-
tions at the B3LYP/6-311+G(2d,p) level. The hybrid B3LYP density func-
tional based on Becke’s three-parameter exchange functional[28] and the cor-
relation functional of Lee, Yang and Parr[29] was chosen as it has been shown
to provide good accuracy for EAs and IEs at a reasonable computation cost.
10
The inclusion of diffuse functions in the basis sets was also deliberate to en-
sure an adequate description of the diffuse electron cloud of anions, as well as
the radicals formed from cation reduction. Close-shell restricted wave func-
tion calculations were used in the treatment of the cations and anions, while
unrestricted open-shell wavefunctions were used for the radicals which have
singly occupied orbitals. Frequency analysis was performed to ensure that
structures obtained were minimum energy structures rather than transition
structures, and also to obtain the thermochemical corrections for the Gibbs
Free Energy, which are then are scaled using the factor of 0.9806 determined
earlier by Scott et al[30] for the B3LYP/6-31G(d) model chemistry.
3. Results
3.1. Geometry Relaxation of Cations and Anions upon Reduction and Oxi-
dation
For alkylated IL ion structures, we investigated approximately 170 unique
cation and 30 unique anion structures.
Figure 1 shows a composite plot of the calculated vertical EAs against
adiabatic EAs of alkylated IL cations, and the calculated vertical IEs against
adiabatic IEs of alkylated IL anions. The relaxation from geometry optimiza-
tion means that adiabatic EAs > vertical EAs and adiabatic IEs < vertical
IEs. In general, we find that the vertical and adiabatic EAs are fairly similar
for most of the cations. However, we may observe that imidazolium cations
appear to undergo a greater degree of geometrical relaxation upon reduction
than other ions, as well as some of the smaller phosphonium, pyrrolidinium
and piperidinium cations. For the anions, most appear to undergo significant
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Figure 1: Plot of the calculated vertical EAs against calculated adiabatic EAs for alkylated
IL cations, and calculated vertical IEs against calculated adiabatic IEs for alkylated IL
anions. Six cation structures and one anion structure for which an optimized radical
structure could not be found are excluded, but these do not materially affect the trends
obtained.
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geometry relaxation upon oxidation.
The neutral geometry-optimized radical is typically a reaction interme-
diate, and not the final product of the redox reaction. For instance, Kroon et
al.[24] had investigated various reduction reaction paths for the 1,1-butylmethylpyrrolidinium
and 1-butyl-3-methylimidazolium cations where radicals undergo decompo-
sition into neutral fragments and smaller more stable radicals, react to form
neutral molecules, or combine with one of the electrons of the pi-bond to form
a larger radical. They then verified that the predicted reduction products are
indeed found experimentally. For the purposes of our work, though we would
expect the adiabatic EA (IE) to be closer to the true reduction (oxidation)
potential of the cation (anion), there is no way to a priori determine how far
the neutral radical is to the final redox products energetically, which renders
a comparison of the adiabatic EAs or IEs unreliable. Furthermore, there
is also the practical issue that for some ions, a neutral geometry-optimized
radical simply could not be obtained by adding or subtracting an electron
to the ion. We have therefore chosen to look at the trends in the vertical
EAs and IEs, which is indicative of how susceptible a cation (anion) is to
accepting (donating) an electron, absent of geometrical relaxation effects.
3.2. Effect of Alkylation on EAs of Cations
In Figure 2, the calculated vertical EAs of alkylated cations are plotted
against the molecular weight of the ion. Increasing molecular weight rep-
resents increasing alkylation. From the figure, we may make the following
observations:
• In general, the EAs of alkylated ammonium, pyrrolidinium and phos-
phonium cations are lower than those of imidazolium and pyridinium
13
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Figure 2: Effect of Increasing Alkylation on Vertical EA of IL Cations. XMIM refers to
the 1-alkyl-3-methylimidazolium cation, where X ranges from ethyl (2 carbon atoms) to
octyl (8 carbon atoms).
14
ions. This is consistent with experimental evidence that ILs containing
these aliphatic cations are in general more stable against reduction as
compared to ILs containing the aromatic cations.[31, 32] Our results
also predict imidazolium-based cations to have better cathodic stabil-
ity than pyridinium-base cations, which is consistent with a comparison
of experimentally measured cathodic and anodic stabilities of several
IL systems (corrected to a common ferrocene reference) compiled by
Matsumoto[33].
• Increasing alkylation leads to a lowering of the EA and greater stability
against reduction. This is consistent with the fact that alkyl groups are
electron-donating in nature and hence would tend to stabilize a cation
against reduction. Fitchett et al.[12] had earlier investigated the effect
of increasing alkyl side chain lengths on the electrochemical windows of
1-alkyl-3-methylimidazolium bis(perfluoroalkylsulfonyl)imide ILs and
observed a widening of the electrochemical window with increasing
alkyl-chain length. More recently, Appetecchi et al.[34] has shown that
the cathodic limit potential of N-alkyl-N-methylpyrrolidinium TFSI ILs
steadily increases from -3.73 to -3.89V in going from a propyl to a hep-
tyl side chain. Though Appetecchi et al. had attributed the increase
in cathodic potential to the increasing shielding effect of the positively
charged nitrogen in the pyrrolidinium ring with the length of the side
chain, our calculations show that there is an intrinsic stabilization ef-
fect arising from an increase in the strength of the electron-donating
effect from longer alkyl chains.
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• The initial effect of alkylation on the EA is greater than subsequent
alkylation. This may be explained by the fact that the initial alkylation
typically takes place at hydrogens connected to the aromatic ring struc-
ture (in the case of imidazolium or pyridinium based ions) or the atom
of formal positive charge (e.g. N atom in ammonium-based cations),
and hence result in a greater decrease in the EA. The effect is especially
pronounced when comparing the EAs of the XMIM cations against an-
other imidazolium cation alkylated at the ring with the same molecular
weight, i.e. the minimum EA structures at each molecular weight. Ex-
tending the alkyl side chain results in a very small decrease in the EA,
while alkylation at the ring results in a much greater decrease.
We have also looked at how the EA of the 1-ethyl-3-methylimidazolium
(EMI) cation is modified by alkylation at the various positions (see Fig-
ure 3). Bonhote et al.[35] had earlier demonstrated that the 1-ethyl-2,3-
dimethylimidazolium TFSI IL exhibits a much wider electrochemical win-
dows than EMI TFSI. The results from our calculations show that the great-
est decrease in the EA of the EMI cation does indeed come from alkylation
at the C(2) position. Again, we observe that substitution at the ring po-
sitions (Imi21100, Imi20110 and Imi20101 in Figure 3) results in a greater
lowering of the EA than an extension of an existing alkyl chain (Imi20200
and Imi30100).
3.3. Effect of Alkylation on IEs of Anions
Figure 4 shows a similar plot of the calculated vertical IEs of alkylated
anions against the molecular weight of the ion. From the figure, we may
make the following observations:
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Figure 3: Effect of Alkylation on the EA of 1-ethyl-3-methylimidazolium (EMI) cation.
The naming convention is based on the length of the alkyl chain attached to each ring
atom, starting from the leftmost N atom and going around in a clockwise direction. Hence,
Imi20100≡ EMI cation, Imi21100≡ 1-ethyl-2,3-dimethylimidazolium, etc. Imi30100 refers
to the cation having an n-propyl group attached to the leftmost N atom, while Imi30100br
refers to having an isopropyl group attached at the leftmost N atom.
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Figure 4: Effect of Increasing Alkylation on Vertical IP of IL Anions.
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• Our results predict the relative stabilities of the common IL anions,
PF6, BF4 and bis(trifluoromethylsulfonyl)imide (TFSI) to be PF6 >
BF4 > TFSI. This is consistent with the ab initio calculations and
experimental measurements by Ue et al.[20], though it is inconsistent
with earlier results of Koch et al.[16]
• Unlike the monotonically decreasing trend of EAs with increasing alky-
lation for cations, no monotonic increasing trend in IE with increasing
molecular weight is observed in the case of anions for the range of
molecular weights considered. This could be explained by the fact that
current IL anions are already based on fluorinated organic and inor-
ganic ions. Fluorine is the most electronegative element and hence,
would already have a great inductive stabilization effect on the anions.
Initial substitution of fluorine with CF3 groups therefore do not result
in significantly increased stabilization. However, subsequent alkylation
does appear to yield some additional stability in some instances, e.g.
in the case of BF4 and fluorosulfonylimide anions, within the range of
molecular weights explored. The decreasing trend of IE with increasing
alkylation for PF6 could possibly be due to steric hindrance effects.
3.4. Effect of Functional Groups Substitutions
We have investigated the effect of functional group substitutions on a few
cation and anion structures. Figures 5 and 6 are representative plots show-
ing the effect of different functional group substitutions on the EA of the
1,2,3-trimethylimidazolium (TMI) cation and the IE of the PF5CF3 anion
respectively. We have selected these ions as there are several distinct kinds
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Figure 5: Effect of Functional Groups Substitutions on EA of 1,2,3-trimethylimidazolium
(TMI). The change in EA from the TMI cation is plotted, i.e. difference in EA between
the functionalized cation and the non-functionalized cation.
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Figure 6: Effect of Functional Groups Substitutions on IE of PF5CF3. The change in IE
from the PF5CF3 anion is plotted, i.e. difference in IE between the functionalized anion
and the non-functionalized anion.
21
of sites where substitution can be performed, which would provide additional
insight on how the position of substitution affects the type and strength of
the effect observed. For the TMI cation, three distinct sites can be identi-
fied, namely a hydrogen attached to the imidazolium ring (“Ring site”), a
hydrogen on the methyl group attached to a nitrogen atom (“N site”), or
a hydrogen on the methyl group attached to the carbon atom between the
two nitrogen atoms (“C site”). For the PF5CF3 anion, there are two distinct
sites, namely a F atom directly attached to the P atom (“P site”), or an F
atom attached to the existing CF3 group (“C site”).
From the figures, we may make the following observations:
• As expected, electron-donating (ED) groups such as alkyl, NH2 and OH
groups generally stabilize the cation (leads to lower EAs) and desta-
bilize the anion (lower IEs) while electron-withdrawing (EW) groups
such as halogen, cyanide and trifluoromethane groups destabilizes the
cation (increases EA) and stabilizes the anion (increases IE).
• Functional groups donate or withdraw electrons through inductive and
resonance effects. For some functional groups, these two effects are
in competition. For instance, NH2 and OH groups withdraw electrons
inductively but donate electrons through resonance. The overall effect
on the EA or IE thus depends on which effect is stronger. For these two
groups, we may note that the decrease in EA of the TMI cation follows
the trend : Ring site > N site > C site. Substitution at a ring site
results in a decrease in the EA, while substitution at the C site results
in an increase in an EA. This could be explained by the fact that
substitution at the ring site results in a direct electron donation from
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the lone pairs on these functional groups to the delocalized pi orbitals in
the imidazolium ring, and thus the ED resonance effect dominates over
the EW inductive effect. When attached to the C site, the opposite is
true and the inductive effect dominates. The same observation can be
made for the functional groups which are EW by resonance such as CN
and COOH. For these groups, the greatest increase in EA occurs when
substitution occurs at the ring site.
• Similarly for the PF5CF3 anion, we may observe that the greatest in-
crease in IE comes when a group with a strong EW resonance effect
(e.g. CN) is attached directly to the P site, which is the site of formal
negative charge, while the greatest decrease in IE comes when a group
with a strong ED resonance effect (e.g. NH2 or OH) is attached directly
to the P site. Substitutions at the C site result in a significantly weaker
effect.
4. Discussion
Our results have shown that trends in the vertical EAs and IEs calculated
using DFT methods are in qualitative agreement with relative experimental
redox stabilities of ILs formed from various cations and anions, and with the
general observed trend of increased cathodic stability resulting from alkyla-
tion of cations. Attaching electron-donating (ED) functional groups such as
alkyl and amine groups generally decreases the EA of the cation and IE of
the anion, and hence increases the stability of the cation against reduction
but decreases the stability of the anion against oxidation. The reverse is true
for electron-withdrawing (EW) functional groups. A monotonic decreasing
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trend of cation EA with increasing alkylation was observed, while no appar-
ent trend was observed for increasing alkylation of anions within the range
of molecular weights explored. We have also demonstrated that the posi-
tion of substitution is important in determining the strength of the ED or
EW effects. Resonance effects are especially pronounced when the functional
group is attached to an aromatic ring or the atom of formal positive/negative
charge (e.g. N atom in NH+4 or P atom in PF
−
6 ).
Given that we find reasonable trends, computational chemistry techniques
can contribute to a more focussed development of ILs for electrochemical ap-
plications. ILs are highly customizable solvents, and current research into ILs
has barely scratched the surface of the massive chemical space for IL struc-
tures. For instance, most current research on ILs for Li-battery electrolytes
has been limited to traditional ILs formed from alkylated imidazolium and
ammonium-based cations with the BF4, PF6 and TFSI anions. One possible
strategy for future IL Li-battery electrolyte development would be to func-
tionalize existing cations with other ED groups to achieve better cathodic
stability. On the anodic side, the potential for increasing the oxidation limit
of anions appear to be more limited as current anions are already based on
fluorinated organic and inorganic anions for which there is a strong induc-
tive stabilization effect. Even so, our results suggest that the cyanide group
could be an excellent candidate to functionalize anions. It should also be
noted that the base ions and functional groups explored in this work are by
no means a comprehensive list, and there could be other ions and functional
groups that provide better electrochemical stability.
In real-world electrochemical applications, the electrochemical stability
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is but one factor to be optimized in IL electrolytes. There are other im-
portant properties affecting electrochemical performance, most notably the
ionic conductivity of the IL. Nonetheless, the insights gained from our high-
throughput exercise will enable the more targeted design of ILs to satisfy
the various requirements of a particular application. For instance, there is
evidence that reducing the symmetry of the constituent ions generally leads
to a lowering of the viscosity and increase in ionic conductivity of an IL. [36]
A common approach to reduce the symmetry is to attach functional groups
of different kinds or sizes to the ion. Hence, the trends obtained in our
work could provide insights on which functional groups can be attached such
that the electrochemical stability is improved as well, or at the very least,
minimize any adverse impact on the electrochemical stability.
We should also point that out while the qualitative trends are consistent
with experimental observations, gas-phase EA and IE calculations are insuf-
ficient to produce quantitative predictions of redox stability in real-world
applications. By their very nature, gas-phase calculations ignore local envi-
ronment effects present in the liquid, such as dielectric screening, the effect
of the counter-ion and packing in the liquid state. Also, EAs and IEs are
only approximate proxies for the redox stability, and possible chemical reac-
tivity with real-world electrodes may significantly shrink the electrochemical
window.
5. Conclusion
In this work, we have investigated the electron affinities and ionization en-
ergies of a large spectrum of cations and anions for ionic liquids using ab initio
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molecular orbital theory at the B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d)
level. We found that the trends in calculated EAs and IEs of alkylated IL
cations and anions compare well with observed experimental trends in relative
cathodic and anodic stabilities of various ILs. We also investigated the effect
of functional group substitutions on the EA of the 1,2,3-trimethylimidazolium
cation and IE of the PF5CF3 anion, and explained the effects in terms of the
known electron-donating and electron-withdrawing inductive and resonance
effects of the functional groups. It is our belief that the insights obtained
from these trends could provide the basis for a more focussed approach to IL
design and customization for electrochemical applications.
6. Acknowledgements
This work was supported by E. I. du Pont de Nemours & Co. through the
DuPont-MIT Alliance program. The authors would also like to thank Nicola
Marzari and Oliviero Andreussi from MIT and William L. Holstein and Steve
R. Lustig from DuPont for their useful insights and assistance. This research
was supported in part by the National Science Foundation through TeraGrid
resources provided by Pittsburgh Supercomputing Center.
[1] A. B. McEwen, S. F. McDevitt, V. R. Koch, Nonaqueous electrolytes for
electrochemical capacitors: Imidazolium cations and inorganic fluorides
with organic carbonates, J. Electrochem. Soc. 144 (1997) L84–L86.
[2] A. B. McEwen, H. L. Ngo, K. LeCompte, J. L. Goldman, Electrochemi-
cal properties of imidazolium salt electrolytes for electrochemical capac-
itor applications, J. Electrochem. Soc. 146 (1999) 1687–1695.
26
[3] A. Lewandowski, M. Galinski, Carbon-ionic liquid double-layer capaci-
tors, J. Phys. Chem. Solids 65 (2004) 281–286.
[4] B. Garcia, S. Lavalle´e, G. Perron, C. Michot, M. Armand, Room temper-
ature molten salts as lithium battery electrolyte, Electrochimica Acta
49 (2004) 4583–4588.
[5] H. Matsumoto, T. Matsuda, Y. Miyazaki, Room temperature molten
salts based on trialkylsulfonium cations and
bis(trifluoromethylsulfonyl)imide, Chemistry Letters (2000) 1430–1431.
[6] H. Nakagawa, S. Izuchi, K. Kuwana, T. Nukuda, Y. Aihara, Liquid
and polymer gel electrolytes for lithium batteries composed of room-
temperature molten salt doped by lithium salt, J. Electrochem. Soc.
150 (2003) A695—-A700.
[7] H. Sakaebe, H. Matsumoto, K. Tatsumi, Application of room temper-
ature ionic liquids to li batteries, Electrochimica Acta 53 (2007) 1048–
1054.
[8] M. Galinski, A. Lewandowski, I. Stepniak, Ionic liquids as electrolytes,
Electrochim. Acta 51 (2006) 5567–5580.
[9] F. Zhou, M. Cococcioni, K. Kang, G. Ceder, The Li Intercalation po-
tential of LiMPO4 and LiMSO4 olivines with M = Fe, Mn, Co, Ni,
Electrochem. Commun. 6 (2004) 1144–1148.
[10] Z. X. Shu, R. S. McMillan, J. J. Murray, Electrochemical intercalation
of lithium into graphite, Journal of The Electrochemical Society 140
(1993) 922.
27
[11] E. I. Rogers, B. Sljukic, C. Hardacre, R. G. Compton, Electrochemistry
in room-temperature ionic liquids: Potential windows at mercury elec-
trodes, Journal of Chemical & Engineering Data 54 (2009) 2049–2053.
[12] B. Fitchett, J. Rollins, J. Conboy, 1-alkyl-3-methylimidazolium
bis(perfluoroalkylsulfonyl)imide
water-immiscible ionic liquids, Journal of the Electrochemical Society
151 (2004) E219–E225.
[13] S. Randstro¨m, M. Montanino, G. Appetecchi, C. Lagergrenb,
A. Morenoa, S. Passerini, Effect of water and oxygen traces on the ca-
thodic stability of
n-alkyl-n-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide, Elec-
trochimica Acta 53 (2008) 6397–6401.
[14] A. M. OMahony, D. S. Silvester, L. Aldous, C. Hardacre, R. G. Comp-
ton, Effect of water on the electrochemical window and potential limits
of room-temperature ionic liquids, Journal of Chemical and Engineering
Data 53 (2008) 2884–2891.
[15] P. C. Howlett, E. I. Izgorodina, M. Forsyth, D. R. Macfarlane, Electro-
chemistry at negative potentials in bis(trifluoromethanesulfonyl)amide
ionic liquids, Zeitschrift fur Physikalische Chemie 220 (2006) 1483–1498.
[16] V. Koch, L. Dominey, C. Nanjundiah, The intrinsic anodic stability
of several anions comprising solvent-free ionic liquids, Journal of the
Electrochemical Society 143 (1996) 798–803.
28
[17] J. M. Vollmer, L. A. Curtiss, D. R. Vissers, K. Amine, Reduction mecha-
nisms of ethylene, propylene, and vinylethylene carbonates - a quantum
chemical study, J. Electrochem. Soc. 151 (2004) A178–A183.
[18] S. Zhang, N. Sun, X. He, X. Lu, X. Zhang, Physical properties of ionic
liquids: Database and evaluation, Green Chemistry 35 (2006) 1475.
[19] K. Tasaki, K. Kanda, T. Kobayashi, S. Nakamura, M. Ue, Theoretical
studies on the reductive decompositions of solvents and additives for
lithium-ion batteries near lithium anodes, Journal of the Electrochemical
Society 153 (2006) 2192–2197.
[20] M. Ue, A. Murakami, S. Nakamura, Anodic stability of several anions
examined by ab initio molecular orbital and density functional theories,
Journal of the Electrochemical Society 149 (2002) 1572–1577.
[21] P. Johansson, Electronic structure calculations on lithium battery elec-
trolyte salts, Physical Chemistry Chemical Physics 9 (2007) 1493–1498.
[22] J. E. McMurry, Chemistry of Benzene : Electrophilic Aromatic Substi-
tution, 7th Edition, Brooks Cole, 2007, Ch. 16, pp. 547–598.
[23] M. Buzzeo, C. Hardacre, R. Compton, Extended electrochemical win-
dows made accessible by room temperature ionic liquid/organic solvent
electrolyte systems, ChemPhysChem 7 (2006) 176 – 180.
[24] M. Kroon, W. Buijs, C. Peters, G.-J. Witkamp, Decomposition of Ionic
Liquids in Electrochemical Processing, Green Chemistry 8 (2006) 241–
245.
29
[25] G. Zhang, C. B. Musgrave, Comparison of DFT methods for molecu-
lar orbital eigenvalue calculations, JOURNAL OF PHYSICAL CHEM-
ISTRY A 111 (2007) 1554–1561.
[26] J. Tomasi, B. Mennucci, R. Cammi, Quantum Mechanical Continuum
Solvation Models, Chemical Reviews 105 (2005) 2999–3093.
[27] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, J. A. Montgomery Jr., T. Vreven, K. N. Kudin, J. C.
Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci,
M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P.
Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gom-
perts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli,
J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Sal-
vador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels,
M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford,
J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Ko-
maromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian 03, revision c.02.
[28] A. Becke, Density Functional Thermochemistry III The Role of Exact
Exchange, J. Chem. Phys. 98 (1993) 5648–5652.
[29] C. T. Lee, W. T. Yang, R. G. Parr, Development of the Colle-Salvetti
30
Correlation-energy Formula into a Functional of the Electron-Density,
Phys. Rev. B 37 (1988) 785–789.
[30] A. P. Scott, L. Radom, Harmonic vibrational frequencies: An evalua-
tion of HartreeFock, MøllerPlesset, quadratic configuration interaction,
density functional theory, and semiempirical scale factors, Journal of
Physical Chemistry 100 (1996) 16502–16513.
[31] P. Hapiot, C. Lagrost, Electrochemical reactivity in room-temperature
ionic liquids, Chemical Reviews 108 (2008) 2238–2264.
[32] D. R. MacFarlane, P. Meakin, J. Sun, N. Amini, M. Forsyth, Pyrro-
lidinium imides: A new family of molten salts and conductive plastic
crystal phases, Journal of Physical Chemistry B 103 (1999) 4164–4170.
[33] H. Matsumoto, Electrochemical Windows of Room-Temperature Ionic
Liquids, John Wiley & Sons, Hoboken, 2005, Ch. 4, pp. 35–54.
[34] G. B. Appetecchi, M. Montanino, A. Balducci, S. F. Lux, M. Winterb,
S. Passerini, Lithium insertion in graphite from ternary ionic liquid-
lithium salt electrolytes I. Electrochemical Characterization of the Elec-
trolytes, Journal of Power Sources 192 (2009) 599–605.
[35] P. Bonhote, A. Dias, N. Papageorgiou, K. Kalyanasundaram,
M. Gratzel, Hydrophobic, highly conductive ambient-temperature
molten salts, Inorganic chemistry (1996) 1168–1178.
[36] R. E. Del Sesto, C. Corley, A. Robertson, J. S. Wilkes,
Tetraalkylphosphonium-based ionic liquids, Journal of Organometallic
Chemistry 690 (2005) 2536–2542.
31
